Root turnover is an important contributor to ecosystem nutrient and carbon cycling, but 28 seasonal aspects of root mortality are not well known. This study tests the hypothesis that 29 in strongly seasonal climates, such as in Northern Ontario, Canada, perennial wetland 30 monocots fall into two distinct categories with respect to their root overwintering 31 strategy: complete senescence, or survival over the winter. Root survival in late winter 32 and early spring was tested for a total of 26 species using vitality staining with 33 tetrazolium chloride (TTC). Root survival in spring was either over 85% (18 species), or 34 0% (8 species). Lateral root survival was marginally lower than that of basal roots. In 35 some species low nutrient supply slightly increased root winter mortality, but did not 36 change the seasonal pattern. We conclude that in a northern temperate climate, the 37 overwintering strategies of roots of herbaceous monocots are binary: either avoidance or 38 tolerance of the long unfavourable season, similar to deciduous and evergreen leaves 39 among woody plants. Roots root phenology limits our understanding of the relationship between root turnover 61 strategies and environmental conditions (Radville et al. 2016) . 62
Above-ground, the overwintering strategy of tree leaves in northern temperate 63 climate is a binary trait -deciduous or evergreen -and it is an important characteristic in 64 determining seasonal aspects of species' resource acquisition and loss (Walters and Reich 65 1999; Givnish 2002) . A tradeoff between winter-hardiness and high photosynthetic 66 capacity of the leaves constrains a species' response to climate (Reich et al. 1998 ; 67 In the present study we address the question whether root overwintering strategies 77 among perennial deciduous wetland monocots in climates with long and cold winters, 78 such as Northern Ontario, are of a binary nature in general. We hypothesize that roots of 79 a given species either completely senescence before or over the long winter, or mostly 80 survive. Hence, as trees in such a climate can be classified either as deciduous or 81 evergreen, wetland monocots might be classified into two distinct categories based on 82 their root winter survival, either as species with "deciduous roots" or species with 83 "evergreen roots". Existence of two contrasting root overwintering strategies among these 84 herbaceous species that all have autumn-senescing leaves would further emphasize 85 differences between plant above-ground and below-ground economic strategies. 86
Kikuzawa and Lechowicz 2011
We limit the study to monocotyledons, as their root systems show no secondary 87 growth and less structural and architectural variation than roots of dicotyledonous 88 species. Monocots also are the dominant growth form in a majority of open wetlands in 89 the region (Harris et al. 1996) . The species were selected due to their commonness, 90 representing a variety of different taxonomic groups and wetland types. 91
We also addressed the questions of whether the nutritional status of a plant 92 influences root winter survival, and whether there is a difference in senescence patterns 93 between basal and lateral roots. 94
Root winter mortality was tested for 26 perennial wetland monocot species of 114
Northeastern Ontario (Table 1) . The plants were grown in mesocosms in an experimental 115 garden, and assessed for their winter root mortality after one or two years of growth. 116
These measurements occurred over 10 years and consist of two main parts. In 2007 and 117
2008, root winter mortality was assessed in an experiment for eight species with 118 successive collections over the entire winter, either from November to March (A; Table  119 1), or from January to early April (B; Table 1 Box-Cox-transformed to attain normal distribution. The effect of the time of harvest on 217 lateral root mortality was tested with the same model, but adding the date of harvest as a 218 continuous independent variable. Due to the high number of plants with close to 100% of 219 living basal roots, the data on basal root mortality could not be normalized. Hence, 220 statistical analyses for the effect of nutrient supply on root mortality were conducted 221 using Kruskal-Wallis tests. The effect of nutrients was tested separately for each species, 222 and the effect of species separately for each nutrient supply level. Differences between 223 percentages of basal and lateral root mortality were tested with Wilcoxon signed-rank 224 tests for each species separately. For the data of 2013, the effect of the two sampling 225 positions along the root system on the same individuals -proximal and distal to the stem 226 -on arcsine-transformed root mortality was analysed with a repeated measures ANOVA 227 D r a f t with the position as a within-subject factor and the species as an independent between-228 subject factor. 229
230

Results
231
All the species investigated in 2007-2008 had a high percentage of surviving root 232 length, both for lateral and basal roots (Fig. 1) . Lateral roots had a slightly lower survival 233 than basal roots in case of Calamagrostis canadensis and Glyceria canadensis, but even 234 for these species the difference between the two root categories remained well below 235 10% ( Fig. 1 ; Table 2 ). Species effect was significant on lateral root survivorship ( Table  236 3), which for Calamagrostis canadensis was 85% and for G. canadensis 89%, while all 237 the Cyperaceae species had on average a root survival of above 98%. Species effect on 238 basal root survival was significant only at low nutrient supply (Supplementary Material, 239 Table S1 1 ). The percentage of living roots did not decrease over the winter for any of the 240 species, and the effect of date of harvest on root survival was not significant (Table 3) . 241
Nutrient treatment had a clear effect on plant size, root dry mass in the high nutrient 242 treatment being 2-3 times higher than in the low nutrient treatment ( Fig. 2;  243 Supplementary Material, Table S2 ). Nutrient effect on lateral root survival was 244 significant albeit small, with values at the low nutrient supply 5-7% lower for the two 245 grass species and with less than 1% difference for all the Cyperaceae (Fig. 1, Table 3) . 246
Species × Nutrient interaction was not significant (Table 3) . Basal root survival was not 247 affected by nutrient supply for any of the species (p>0.250; Fig. 1; Supplementary  248 Material, Table S3) . 249
For the species assessed in 2013-2017, the percentage of roots that stained red in 250 spring was either above 85% or close to zero (Fig. 3) . Calla palustris, P. cordata and R. 251 alba had no surviving roots at all, and A. triviale, Sagittaria latifolia and Sparganium 252
For the ten species with a separate assessment of root mortality in proximal and 261 distal samples in 2013, and with the roots mostly surviving the winter, the percentage of 262 living roots was higher when collected 1 cm below the stem base than 12 cm below it. 263
Difference in average survival between the two different root positions was small, 96.2% 264 vs. 94.8%, but significant (Table 4 ). The extent of root survival significantly varied 265 among the species, being for Carex oligosperma and C. stricta below 93% while the 266 other species had higher values. Species × position interaction was significant due to the 267 relatively large difference in survival between the root positions for C. utriculata, with 268 86% and 99% (Fig 3; Table 4) . 269
The data support our hypothesis that in a climate with a severe and long winter, 272 wetland monocots can be divided into two distinct categories with respect to their root 273 winter mortality, comparable to evergreen and deciduous habits among trees. Roots either 274 mostly survive the winter, or completely senesce. In the case of species with 275 overwintering roots, average survival was in almost all cases over 90% of the total root 276 length, and never below 85%. The measurements for different species were conducted 277 over several years with some variation in nutrient availability and the procedure of root 278 sampling, but overall, the effects of the year, nutrient supply, type of substrate or root 279 order and position within the root system were minor compared to the clear species- indicates that the mortality is a result of an active senescence as preparation for the 297 oncoming winter, rather than a result of extreme conditions during the winter, 298 comparable to leaf senescence of deciduous trees (Kim et al. 2016 ). All the investigated 299 species are deciduous perennials, as they overwinter with vegetative tissues, but lose their 300 leaves for the winter. Root survival over the winter in the majority of the species, despite 301 autumn-senescing leaves in all of them, further emphasizes that above-ground data alone 302
is not sufficient to describe ecosystem carbon cycling (Abramoff and Finzi 2015) . 303
Several of the species which had both leaves and roots senescing, such as R. alba, 304
Sagittaria latifolia, and T. palustris, can be considered to be functional annuals (Verburg 305 and During 1998), as the overwintering vegetative organ is relatively small and may 306 serve as a propagule potentially aiding in dispersal. 307
Interspecific variation in root life span is assumed to be associated with species' 308 resource economics: fast-growing roots maximize resource acquisition but have a short 309 life-span, while long-lived roots grow slowly but maximize resource conservation ( temperatures in wetland soils in the study area usually remain above 0°C during the 328 winter (unpublished data, P. Ryser), which means that the risk of frost damage to roots in 329 wetland soils at least in the study region is small. Soil nutrient availability in seasonal 330 wetlands can show a distinct peak in early spring (Edwards and Jefferies 2010), and 331 species with overwintering roots may be better able to utilize such short-term resources. 332
Growth at low nutrient availability slightly increased root winter mortality, but this did 333 not change the general species-specific pattern. Previous investigations on nutrient effects 334 on root life span show inconsistent results: nutrient addition either increases or decreases 335 root life span, or has no effect (McCormack and Guo 2014). 336
Our data is not conclusive about the actual life span of winter-surviving roots. 337
Survival over one winter does not mean that an organ would live for several years, 338 illustrated by leaves of several ericaceous dwarf shrubs of northern nutrient poor 339 wetlands which senesce during their second growing season while nutrients in them are 340 D r a f t being remobilized for new growth (Reader 1978) . Nevertheless, roots of several arctic 341 graminoid species are known to live for 6-8 years (Shaver and Billings 1975) . The low 342 percentages of dead roots (often <2%) found in the present study for Scirpus and Carex 343 species that had been growing for two growing seasons in the mesocosms indicate that 344 roots of these species survive at least for two winters. Decomposition could have reduced 345 this percentage of dead roots observed after a second growing season, but it seems 346 unlikely that the thick and robust basal roots of these species would disappear without 347 trace so quickly under the water-logged conditions. Survival rates of lateral roots and 348 basal roots hardly differed, matching the modular structure of monocotyledonous root 349 were conducted over several years, but the data is very consistent, root winter survival of 353 the species was either over 85% or 0%. The three species which were assessed twice 354
showed similar results in both occasions. 355
In conclusion, the results show that root turnover among wetland graminoids -in a 356 similar manner to leaf turnover -is a part of a plant's development and the species' 357 adaptive strategy. Roots do not just die of wear and tear, but their mortality is an active 358 response to seasonal pattern of the climate with an adaptive choice -at an evolutionary 359 time scale -between avoidance and tolerance. Roots do not gradually die during the 360 winter: they either senesce in the autumn in a controlled manner, or they mostly survive 361 the winter. This choice is bound to have significant consequences for the species' 362 resource economics, contributing to its performance in different environments and to 363 D r a f t seasonal patterns of ecosystem nutrient and carbon dynamics. Constraints underlying the 364 trade off between root tolerance or avoidance of the cold season remain unknown, and 365 further research is needed to understand to which extent these binary strategies in root 366 turnover can be found under different climatic conditions. 367
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We are grateful to Bonnie Matthews, Jamie Montgomery, Tarra Degazio and Kathleen The two lighter bars to the left for each species show the data for fine lateral roots, the two darker bars to the right the data for coarse basal roots. Within each pair, the darker bar to the left show data at the high nutrient supply, the lighter one to the right at the low nutrient supply. Species without asterisk were harvested between November and March (n=9-11), species with asterisk between January and early April (n=8, except for C. aquatilis n=1). The bars represent mean values of all plants harvested in the respective periods (± 1SE).
74x23mm (300 x 300 DPI) D r a f t Fig. 2 . Root dry mass during the winter for eight wetland monocot species at low (light grey) and high (dark grey) nutrient supply levels, and harvested after two growing seasons of growth in November-March (no asterisk; n=9-11) or in January-April (asterisk; n=8, expect for C. aquatilis n=1). The bars represent mean values of all plants harvested in the respective periods (± 1SE).
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